Abstract Drought is one of major constraints that limits agricultural productivity. Some factors, including climate changes and acreage expansion, indicates towards the need for developing drought tolerant genotypes. In addition to its protective role against endoplasmic reticulum (ER) stress, we have previously shown that the molecular chaperone binding protein (BiP) is involved in the response to osmotic stress and promotes drought tolerance. Here, we analyzed the proteomic and metabolic profiles of BiP-overexpressing transgenic soybean plants and the corresponding untransformed line under drought conditions by 2DE-MS and GC/ MS. The transgenic plant showed lower levels of the abscisic acid and jasmonic acid as compared to untransformed plants both in irrigated and non-irrigated conditions. In contrast, the level of salicylic acid was higher in transgenic lines than in untransformed line, which was consistent with the antagonistic responses mediated by these phytohormones. The transgenic plants displayed a higher abundance of photosynthesis-related proteins, which gave credence to the hypothesis that these transgenic plants could survive under drought conditions due to their genetic modification and altered physiology. The proteins involved in pathways related to respiration, glycolysis and oxidative stress were not signifcantly changed in transgenic plants as compared to untransformed genotype, which indicate a lower metabolic perturbation under drought of the engineered genotype. The transgenic plants may have adopted a mechanism of drought tolerance by accumulating osmotically active solutes in the cell. As evidenced by the metabolic profiles, the accumulation of nine primary amino acids by protein degradation maintained the cellular turgor in the transgenic genotype under drought conditions. Thus, this mechanism of protection may cause the physiological activities including photosynthesis to be active under drought conditions.
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Introduction
Soybean production is among the economic activities that has grown more significantly in the last decades because of its applications in food industry and biodiesel production. Accordingly, soybean grains represent the fourth most consumed and produced grain worldwide (Hirakuri and Lazzarotto 2014) . In the global context, Brazil has matched the United States to share global leadership in soybean exports, supplying 40% of the international market (CONAB 2014; Oliveira 2016) . However, the prevalance of drought in several parts of the world threatens the sustainability of soybean production (Dai 2013; Foyer et al. 2016) . Thus, it is necessary to obtain drought-tolerant cultivars that can overcome threat imposed on food security (Ku et al. 2013 ).
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& Humberto Josué de Oliveira Ramos humramos.ufv.br@gmail.com On the molecular level, the induction of pathways related to stress are mediated by several gene families. These include genes involved in osmoprotection, free radical scavengers, in addition to late embryogenesis abundant (LEA) proteins, heat shock proteins and chaperones, membrane transporters and ion channels, transcription factors such as MYB/MYC, bZIP, NAC, CBF/DREB and ABF/ABAE (Gupta et al. 1993; Wehmeyer and Vierling 2000; Zhu et al. 2001; Shinozaki et al. 2003; Rodrigues et al. 2006; Ashraf and Foolad 2007; Khan et al. 2015) . Stress-responsive genes have been used as target for engineering drought tolerance in several different plant species (Djilianov et al. 2005; Khan et al. 2015) . Among them, BiP-overexpressing soybean, tobacco and Arabidopsis plants have been shown to display tolerance to drought (Alvim et al. 2001; Valente et al. 2009; Reis et al. 2016) .
BiP is the most abundant chaperone in the endoplasmic reticulum (ER) and belongs to the family of 70 kDa heat shock protein (HSP70). In addition to its molecular chaperone activity, BiP attenuates ER stress and osmotic stressinduced cell death and promotes plant innate immunity, exhibiting protective functions against abiotic and biotic stress conditions (Hamman et al. 1998; Alvim et al. 2001; Haigh and Johnson 2002; Wang et al. 2005; Pincus et al. 2010; Hong et al. 2008; Costa et al. 2008; Valente et al. 2009; Reis et al. 2011; Carvalho et al. 2014 ). Thus, under moderate stress conditions, the unfolded protein response (UPR) mediates induction of ER-resident chaperones and ER-associated protein degradation (ERAD) genes to promote the ER quality control processes, thereby re-establishing ER homeostasis (Leborgne-Castel et al. 1999; Ruberti et al. 2015; Bao and Howell 2017) . Furthermore, BiP overexpression enhances drought tolerance in transgenic soybean (Glycine max), tobacco (Nicotiana tabacum) and Arabidopsis (Arabidopsis thaliana) plants (Alvim et al. 2001; Valente et al. 2009; Reis et al. 2016) . BiP overexpression modulate the expression and activity of the components of the N-rich protein (NRP)-mediated cell death response, including GmNRP-A, GmNRP-B, GmNAC81 and vacuolar processing enzyme (VPE), thus attenuating the stress-induced cell death signal (Alvim et al. 2001; Valente et al. 2009 , Reis et al. 2011 Reis and Fontes 2012; Carvalho et al. 2014) . The BiP protective property against drought has been linked to its capacity to modulate the stress-induced NRP-mediated cell death response (Reis et al. 2011; Carvalho et al. 2014 : Reis et al. 2016 .
In spite of extensive studies about the BiP protective properties against stresses in plants, the effect of BiP overexpression on environmental stimuli-induced metabolic and protein profile changes has not been examined. The analysis of the proteome and metabolome provides information about mechanisms underlying plant acclimation, essential for understanding the physiological and biochemical responses. Here, we evaluated the proteomic and metabolomic profiles of the BiP-overexpressing transgenic soybean line and the corresponding untransformed genotype exposed to drought by 2DE-MS, LC/MS and GC/MS. An integrative overview showed that the tolerant plants maintain cell homeostasis and the photosynthetic metabolism unaltered under moderate stress condition, which supports the hypothesis that these transgenic plants could survive under drought conditions due to their genetic modification and altered physiology. These findings suggest that the mechanism underlying BiP tolerance to drought involves a regulatory adjustment of the leaf metabolism to promote an efficient water use.
Materials and methods

Plant growth and genotypes
Independently transformed soybean lines (35S:BiP-1, 35S:BiP-2, 35S:BiP-3, 35S:BiP-4), previously obtained by transforming soybean plants (Glycine max cv. Conquista) with a soyBiPD gene under the control of a cauliflower mosaic virus 35S promoter Valente et al. 2009 ) have been extensively evaluated. The physiological and genetic behavior of these lines related to drought and irrigated conditions has been highly similar (Valente et al. 2009 , Reis et al. 2011 Reis and Fontes 2012; Carvalho et al. 2014; Reis et al. 2016) . Thus, the line 35S::BiP-4, designated as C9, was used to contrasting the proteomic and metabolomic profiles against the wild-type Conquista genotype (WT genotype).
Soybean seeds, untransformed, wild-type (WT) and transgenic (C9) genotypes were germinated in organic substrate, and three seedlings were transferred to 3L pots containing a mixture of soil, sand and dung (3:1:1) and grown in a greenhouse under ambient light, relative humidity (65-85%) and temperature (15-35°C) conditions. Each pot was weighed and received an equal amount of soil mixture. After germination, the presence of the transgene was confirmed by polymerase chain reaction (PCR) analysis, using genomic DNA from leaf as template.
Water stress induction
The plants were grown under normal water conditions until reaching the development stage V3 (fully expanded third trifoliate). The control plants were watered daily with approximately 180 mL water per plant. The transgenic C9 and WT plants were exposed to a slow drying soil treatment, which consisted of a reduction in irrigation to 40% of the daily normal (Valente et al. 2009 ). The hydric regimes were assigned as irrigated (IR) and non-irrigated (NI), respectively.
The leaf water potential (ww) was measured in the third emerging trifoliate at dawn by using a Scholander pump (Scholander et al. 1965 ) during the stress period. The stress severity was also determined by measuring leaves relative water content (RWC) (Silva et al. 2007 ). Samples were collected in liquid nitrogen when the transgenic plants had a water potential -1 MPa and then stored at -80°C until use.
Metabolite extraction and chemical derivatization for GC/MS analysis
The leaf samples were ground in liquid nitrogen and subsequently 50 mg of powder was used. Then, 1.5 mL of cold extraction solution (1:2.5:1 water, methanol, chloroform) containing 60 lL of ribitol (0.2 mg/mL stock in water) were added as an internal quantitative standard. The samples were shaken in Thermomix for 30 min at 4°C, centrifuged at 14,0009g for 5 min and the supernatant was collected. Then, 750 lL of water were added and the samples were vortexed, followed by centrifugation at 14,0009g for 5 min. An aliquot of 50 lL of the supernatant was transferred to a new tube and dried by vacuum centrifugation. The dried samples were dissolved in methoxyamine pyridine (40 lL of a 20 mg/mL solution) and vortexed for 30 s, and then incubated for 2 h at 37°C stirring. Lastly, 70 lL of N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) reagent (20 lL/mL of retention time standard) were added and the mixture was incubated for 30 min at 37°C (Lisec et al. 2006) .
Metabolite analysis by GC/MS
Metabolites extracted were analyzed using an Agilent 7890A GC System coupled to Mass Spectrometric TruTOF Ò HT TOFMS, Leco, equipped with a capillary column of 30 mm (MDN-35) operating according to Lisec et al. (2009) . Samples were injected in splitless mode at 230°C using a gas flow (continuous flow of helium) of 2 mL/min. The oven temperature was initially maintained constant at 80°C and then increased to 15°C/min to reach 330°C, which was maintained for 5 min. Mass spectrum was obtained by the full-scan method ranging from 33 to 600 m/z. A series of n-alkanes was used along with samples to calculate retention indexes.
Data processing and metabolite identification
Raw GC/MS data were processed and converted for the CDF format (NetCDF) using the ChromaTof package and automatically analyzed by TargetSearch algorithms. We used a script for identification and quantification of metabolites, designed to run on R (Cuadros-Inostroza et al. 2009 ) and the processing parameters and the used alignment were optimized for our GC/TOF platform. The parameters used were: massRange of 85-500 Da, IntThreshold 50, TopMasses 10, r thresh of 0.05. The identification of the compounds was determined by database searches based on the combination of the fragment mass spectrum and chromatographic retention index by the mass spectral tags (MSTs)-based method (Cuadros-Inostroza et al. 2009 ). The GMD Mass Spectrum Reference Library (GMDB_FAMELib_TS_20110228_IS.txt) downloaded from http://gmd.mpimp-golm.mpg.de/download/), containing the retention indexes (RI) and mass spectra from 938 compounds, was used for metabolite identification. The GC/MS platform used in work was the same applied for generation of the libraries. A filtered identification table, for a quality factor index over 600, containing the identified compounds and their intensities, was used as input data for processing and statistical analysis by MetaboAnalyst platform (http://www.metaboanalyst.ca/).
Metabolite data analysis
The identification and intensity table was used as input data for identification of differential metabolites, generating a display of the significantly disturbed metabolites using MetaboAnalyst 3.0 package. Quality filters based on the standard deviation methods were used to automatically remove low quality data and, then, the intensity values were normalized by the median. The data were analyzed using the Partial Least Squares Discriminant Analysis (PLS-DA). Discriminating metabolites were identified using a statistically significant threshold of variable influence on projection values (VIP [ 1.0) obtained from the PLS-DA model and were further validated by ANOVA analysis with p value less than 0.05.
Phytohormone analysis
The hormones were extracted from soybean leaves according to the methodology described by Müller and Munné-Bosch (2011) with modifications. Ten mg of powdered fresh tissue were weighed and 400 lL of extraction solvents were added (methanol: isopropyl alcohol: acetic acid 20: 79: 1). The samples were mixed in vortex 4 times for 20 s (on ice), sonicated for 5 min, placed on ice for 30 min and then centrifuged at 13,0009g for 10 min at 4°C. After centrifugation, 350 lL of supernatant were removed and transferred to a new tube. The process was repeated with the resulting pellet and then the supernatants were pooled.
Approximately 300 lL of the extracts were placed in vials and 5.0 lL were injected into the LC/MS system from NuBioMol (Center for Biomolecules Analysis-UFV, Brazil). We used a chromatography column (Agilent Eclipse Plus, RRHD, 1.8 lm, 2.1 9 50 mm) with a flow of 0.3 mL/min, coupled online to a mass spectrometer QQQ triple quadrupole (Agilent). The mass spectrometer was operated at negative/positive alternating mode according to the retention time for each hormone standard and the sample scanned by Multiple Reaction Monitoring (MRM) using the following mass transitions : JA 209 [ 59; SA 137 [ 93; ABA 263 [ 153; ACC 106 [ 56. The tests were carried out for four replicates for each biological treatment.
The generated mass spectra were processed using the MassHunter software to obtain the extracted ion chromatograms (XIC) of each transition and the area values, as indicative of the abundance of each hormone. A standard curve of each hormones, in a concentration range of 0.1 to 300 ng/mL, was used to convert the area values from XIC in ng/g of plant tissue.
Proteolytic activity assay
Protein activity was determined using 2% (w/v) azocasein as substrate in 0.1 M Tris-HCl buffer, pH 8.0; 37°C. The reaction mixture consisted of 50 lL of substrate plus 60 lL of enzyme extract, incubated for 30 min at 37°C. The reaction was stopped by the addition of 240 ll of 10% (w/ v) trichloroacetic acid (TCA). The samples were homogenized in vortex and kept on ice for 15 min and were centrifuged at 80009g for 5 min at 25°C for removal of the precipitated protein. Aliquots of 240 ll from the supernatant were transferred to tubes containing 280 ll of 1 M NaOH. The absorbance were determined at 440 nm and the protease activity was expressed as M s -1 using the extinction molar coefficient and the formula V = A 440 (e l t) -1 .
RNA extraction, cDNA synthesis and Real time RT-PCR (qRT-PCR)
Total RNA was extracted from leaves using TRIzol (Life Tecnologies Inc.) and treated with RNase-free DNase (Life Tecnologies Inc.). Then, the RNA was quantified by spectrophotometry (Evolution 60 Thermo Scientific) and examined in a 1.3% (p/v) denaturing agarose gel that was stained with 0.1 lg/mL ethidium bromide (EtBr). Total RNA was used for RT-PCR. Reverse transcription (RT)-PCR assays were performed with 3 lg of total RNA, 5 lM of oligo-dT, 0.5 mM of dNTPs and 1U of M-MLV reverse transcriptase (Life Tecnologies Inc.). All the procedures for real-time PCR, including tests, validations and experiments were conducted according to the recommendations of Applied Biosystems. Real-time RTPCR reactions were performed on an ABI7500 instrument (Applied Biosystems), using cDNAs from the treatments, gene-specific primers and SYBRH Green PCR Master Mix (Applied Biosystems). The amplification reactions were performed as follows: 10 min at 95°C and 40 cycles of 94°C for 15 s and 60°C for 1 min. Soybean RNA helicase and tobacco RNA actin were used as endogenous control to normalize all values in the real-time RT-PCR assays. Gene expression was quantified using the 2 -DCT .
Extraction of total protein
The samples were prepared by pooling leaves of three plants. Approximately 4 g of leaf was powdered in liquid nitrogen and suspended in 10 mL of ice-cold buffer (2% v/v b-mercaptoethanol, 1 mM phenylmethylsulfonylfluoride and 1% w/v polyvinylpolypyrrolidonein in acetone 100%). The solutions were vortexed for 30 s and maintained on ice for 10 min. Then, the solutions were submitted to three cycles of sonication, applying an amplitude of 30% of the maximum power supplied by the instrument corresponding to 20 watts and pulser cycles of 30 s ON and 30 s OFF. After sonication, 10 mL of 20% (v/v) trichloroacetic acid (TCA) were added and incubated on ice for 20 min. The extracts were centrifuged at 60009g for 15 min at 4°C and the precipitate was washed five times with ice cold acetone, four times with 10%. (v/v) TCA on ice cold acetone, twice with 10% (v/v) TCA in water, twice in 80% (v/v) acetone, once in 70% (v/v) ethanol and dried at room temperature. The precipitate was then resuspended in 10 mL of extraction buffer [30% (w/v) sucrose, 2% (w/v) SDS, 0.1 M Tris-HCl pH 8.0, 1 mM PMSF, 2% (v/v) b-mercaptoethanol] and allowed to stand for 15 min. at room temperature. Subsequently, 5 mL of phenol pH 8.0 were added to each tube and kept on ice for 10 min, followed by vortex vigorously for 30 s, then put them on ice every 2 min. After the centrifugation at 60009g for 15 min at 4°C, the phenolic fraction was collected and transferred to a new falcon tube. The proteins were precipitated by adding five volumes of cold 0.1 M ammonium acetate in methanol at -20°C overnight. After centrifugation at 60009g for 15 min at 4°C, pellets were washed twice in 0.1 M ammonium acetate in methanol, twice in 80% (v/v) acetone and once more in 70% (v/v) ethanol. Pellets were finally resuspended in 7 M urea, 2 M thiourea and 4% (w/ v) CHAPS. Protein quantification was performed by the Bradford method with a bovine serum albumin standard to ensure a protein concentration between 1 and 15 mg/mL (Bradford 1976 ).
Separation of proteins by two-dimensional gel electrophoresis
The isoelectric focusing (IEF) was performed in 13 cm IPG strip pH 3-10 (GE Healthcare). Initially, the strips were rehydrated for 20 h in 250 lL of rehydration buffer [7 M urea, 2 M thiourea, 2% (w/v) CHAPS, 0.002% (w/v) bromophenol blue, 2% IPG-buffer, 0.2% (w/v) DTT] containing 1.0 mg protein for each sample. The protein extracts were separated in the first dimension at 20°C using an IPGphor3 isoelectric focusing system (GE Healthcare). The voltage settings for IEF was 200 V for 1 h, 500 V for 2 h, 1000 V for 4 h, 8000 V for 4 h, and 8000 V to a total 46.86 kVh. Following electrophoresis, the protein in the strips was reduced with equilibration buffer [50 mM 6 M urea, 30% (v/v) glycerol, 4% (w/v) SDS, 0.002% (w/v) bromophenol blue, 1% (w/v) DTT] and then alkylated by incubation with the same buffer containing 2.5% (w/v) iodoacetamide instead of DTT for 30 min at room temperature. The second-dimension electrophoresis was performed on a 12% gel using a Hoefer SE 600 Ruby electrophoresis unit (GE Healthcare). Gels were stained with Coomassie Blue G-250 solution [8% (w/v) ammonium sulfate, 0.8% (v/v) phosphoric acid, 0.08% (w/v) Coomassie Blue G-250 and 20% (v/v) methanol. The 2DE gels were scanned using ImageScanner III scanner and LabScan 6.0 software (GE Healthcare).
The protein profiles of the irrigated and non-irrigated treatments for both genotypes were compared using ImageMaster2D Platinum 7 software (GE Healthcare) for the detection of differentially abundant protein spots. As threshold, the proteins were considered as differentially expressed, if they fitted the criteria: (i) a measured overlay variation above 1.0 (ratio normalization), (ii) ANOVA with p value less than 0.05 and (iii) presence in the three gels (biological replicates).
In-gel digestion and mass spectrometry for the protein identification Protein spots were manually excised from the gel and subjected to in-gel trypsin digestion according to Shevchenko et al. (2007) . Selected gel plugs were washed extensively with 50 mM ammonium bicarbonate/50% methanol (v/v), followed by acetonitrile for dehydration. The proteins were then reduced using 200 mM DTT in 100 mM ammonium bicarbonate for 30 min at 56°C followed by alkylation with 200 mM iodoacetamide in 100 mM ammonium bicarbonate for 30 min at room temperature. The spots were washed with 100 mM ammonium bicarbonate solution, dehydrated with acetonitrile and dried by vacuum centrifugation. Spots were then rehydrated with trypsin digestion solution overnight (20 h) at 37°C. Digested peptides were extracted using extraction buffer [50% (v/v) acetonitrile, 5% (v/v) formic acid] and dried by vacuum centrifugation. Peptides were dissolved in 0.1% (v/ v) formic acid and analyzed by LC-MS using a nanoUPLC (nanoACQUITY-Waters) system containing a capillary column C18 BEH130 1.7 lM -100 nm 9 100 mm, operating at a flow rate of 0.5 lL/min. The eluted peptides were automatically injected into a mass spectrometer ION TRAP (Amazon-Bruker), online using a nanoESI ionization needle. The scanning of the ions from the mass spectrometer was performed at between 300 and 1500 m/z in positive mode and data were acquired for 70 min in each LC-MS/MS analysis. The mass spectrometer was operated in the auto-MSn mode. Data acquisition of the LC-MS instrument was managed by Hystar software (Bruker) and the spectra were processed with the Data Analysis software (Bruker) using the default settings for proteomics.
The spectra were analyzed by PEAKS 7.0 program with a local Client license, connected to a remote server to identify proteins. The parameters used in the program were: a protein list obtained from Phytozome, containing all the proteins described for soybean as database, methionine oxidation as a variable modification of cysteine carbamidomethylation as a fixed modification, one missed cleavage, charge states of 2 ? , 3 ? , 4 ? , trypsin-like cleavage enzyme and mass error of 0.15 Da. For protein identification, we considered a false discovery rate (FDR) less than 1.0% along with at least three unique peptides.
Results
Drought stress assays
The water deficit regime resulted in a progressive decline in the leaf water potential (ww), leading to changes in the leaf turgor and the relative water content (RWC) from both WT and C9 plants; as for the irrigated plants, the water potential was higher than -0.2 MPa throughout the experiment ( Fig. 1 and Supplemental Fig. S1 ). After 32 days, a sharp decline in the water potential curve was observed in the leaves of plants exposed to the drought treatment, but at 36-and 37-day, the leaf ww was significantly different between WT and C9 genotypes. While the WT genotype reached ww = -1.8 MPa at 37-days, the C9 genotype displayed values close to -1.0 MPa during the same period of water deficit (Supplementary Fig. S1A ). After 36 days of reduction in the water supply, the visual differences in the leaf turgor between transformed and nontransformed plants were registered ( Supplementary  Fig. S1B ). The leaf RWC decreased with the progression of the stress in both genotypes although to a different extent
( Fig. 1 ). In the leaf ww = -1 MPa, the RWC decline in WT leaves was 56.31% while in leaves of the C9 genotype, the decline in RWC was 49.29%. These results are consistent with a better water-use efficiency in the C9 genotype, suggesting that the transgenic genotype deploys an efficient mechanism to maintain the leaf turgor under water deficit.
Differential accumulation of phytohormones in the BiP-overexpressing plant
The absolute concentration of the phytohormones was determined by mass spectrometry coupled to liquid chromatography. The concentration of abscisic acid (ABA) and salicylic acid (SA) in the leaves of both genotypes increased in response to drought. While the drought-induced levels of ABA were higher in the sensitive genotype (Fig. 2a) , the increase in SA was more pronounced in the C9 tolerant genotype (Fig. 2b) . The level of jasmonic acid (JA) was reduced in response to water deficit in both genotypes, although to a different extent (Fig. 2c) . Under water deprivation, the reduction of JA was more pronounced in the C9 genotype (Fig. 2c) .
Metabolite profiles of soybean leaves during drought
To understand the major physiological changes caused by water deficit in soybean, we also analyzed changes in metabolism by GC/MS. The metabolic profiles were compared between the contrasting genotypes to verify the fluctuation of the metabolites during drought treatments related with the tolerance mechanism. We identified 288 metabolites. Among them, the levels of amino acids and their derivatives increased strongly in the plants of the Fig. 1 Relative water content RWC (%) of the soybean leaves from the WT and C9 genotypes under different water potential. Bars represent mean ± SE. Means followed by the same letter do not differ statistically by Tukey test at 5% significance. Lower case letters refer to genotypes and capital letters to treatment genotype C9 exposed to drought. However, in the droughtexposed WT leaves, we observed higher levels of carbohydrate and organic acids ( Fig. 3a and Supplementary  Table S3 ). To further examine the differentially accumulated metabolites that correlated with water deficit, we used a discriminating analysis by PLS-DA (Partial least squares Discriminant Analysis). The metabolite profiles showed a trend of separation between the samples analyzed, with an explanation of 91.5% of the total variance (Fig. 3b) . This analysis indicated a distinct metabolic response of 30 metabolites between the genotypes during water deficit, including 6 amino acids and their derivatives, 10 carbohydrates, 6 fatty acids and lipids, 7 organic acids, as the major determinants for the variance ( Fig. 3c and Supplementary Table S4 ). The data generated from the primary metabolism were grouped to highlight the changes between the genotypes in the imposition of water deficit (Fig. 4) . The water deficit treatment affected differentially the amino acid composition from the leaves of the WT and C9 genotypes. The tolerant C9 genotype displayed an increased abundance of Proline, Isoleucine, Tryptophan, Valine, Leucine, Histidine, Asparagine and Methionine as compared to the sensitive WT genotype.
Protease activities
The leaves extracts were evaluated for hydrolytic activity of peptide subtracts. The proteolytic activities were not altered for the irrigated plants and for the wild-type genotypes under drought stress (Fig. 5) . However, for the transgenic C9 genotype, the protease activity was increased under drought. The protein levels in the leaves were reduced only for the drought tolerant C9 genotype under water deficit and was not altered for wild-type (Fig. 5) .
Gene expression by RT-qPCR
The expression of some genes related with the amino acid biosynthesis and protein degradation (BCAT: Branchedchain-amino-acid aminotransferase; ALT: Alanine aminotransferase; P5CS: 1-pyrroline-5-carboxylate synthetase; ALS: Acetolactate synthase; PAE1: Ubiquitin-20S proteasome alpha subunit) were evaluated. The transcriptional levels of the NPF 4.7 gene, coding for a transporter for ABA and nitrogen compounds, was also determined (Fig. 6) . The genes coding for ALT and BCAT was upregulated only for the sensitive genotype WT (Fig. 6) , while the gene coding for ALS was up-regulated in the tolerant C9 genotype. These genes, ALS and BCAT are important for biosynthesis of branched-amino acid. The gene coding for first enzyme of the proline biosynthesis P5CS was also up-regulated in the leaves of the sensitive WT genotype (Fig. 6) . The expression for BCAT, ALT and P5CS was not altered in the drought tolerant genotype. Otherwise, the gene coding for the protein PAE1, that is an important component of the 20S proteasome, which degrade unneeded or damaged proteins by proteolysis, was up-regulated only in the tolerant genotype (Fig. 6 ). As the phytohormone profiles indicated higher levels of ABA in the leaves of the transgenic genotype C9 (Fig. 2a) , the expression of the gene coding for NPF 4.7 was also evaluated that showed higher levels in the tolerant soybean and was up-regulated only in the C9 genotype (Fig. 6 ).
Proteomics: identification of differentially expressed proteins by drought conditions
By analysis of the 2-DE profiles, the changes in the protein expression were investigated in response to drought, comparing the same genotypes in different treatments (IRirrigated and NI-non-irrigated). Protein spots with lower or higher relative abundances between treatments were selected and identified. For the genotype WT, 661 well separated spots were used in the comparison between WT IR x WT NI treatments. Of those, 48 were identified as differentially expressed spots and 41 were identified by mass spectrometry (Supplementary Table S1 ). The 41 spots corresponded to 29 different proteins in addition to isoforms or post-translational modifications of the same protein, which were represented by more than one spot in the same gel. Among 41 spots identified, 10 spots showed a relative increase and 17 were present only in the plants under drought stress. In contrast, 3 spots were expressed only in the IR and 11 spots displayed a reduction in relative abundance when comparing IR x NI. For the tolerant genotype C9, 548 spots were used to compare the contrast IR x NI. Of these, 28 were classified as differentially expressed spots, of which 27 were identified by mass spectrometry (Supplementary Table S2 ). These 27 spots corresponded to 20 different proteins, with some possible isoforms or modifications. Among the 27 spots identified, 5 spots had an increase in relative abundance in NI treatment compared to the irrigated IR, 3 spots were present only in the plants under drought stress. In contrast, 6 spots were expressed only in the IR and 13 spots showed a reduction in relative abundance when comparing IR x NI. To facilitate comparison, the abundance (%Volume) of the responsive proteins to drought of each genotypes was b Fig. 2 Quantification of phytohormones (ng/g) by UHPLC/QqQ. The data represent the mean ± SE (n = 3). Means followed by the same letter do not differ statistically by Tukey test at 5% significance. Lowercase letters refer to genotypes and capital letters to the treatment converted to fold-change and classified as up-or downregulated, if an increase or reduction of the protein abundance was observed in the NI treatment (Figs. 7, 8, 9) . To visualize the general differences of response between genotypes, the proteins were classified by functional categories and prevalent biological process. The ontological classification of theses protein is showed in the Fig. S2 , a distinct response was observed for the genotypes. The upregulated proteins of the sensitive WT genotype shared clusters related to glycolysis, respiration and oxidative (Fig. S2A) , whereas the tolerant C9 genotype did not display differentially expressed proteins related to these biological processes (Fig. S2B ).
Discussion
The effect of BiP overexpression in plants under drought conditions has been previously evaluated at the molecular and physiological levels (Alvim et al. 2001; Hong et al. 2008; Valente et al. 2009; Reis et al. 2011; Carvalho et al. 2014; Reis et al. 2016) . These studies have established that the BiP-mediated drought tolerance mechanism involves the regulation of the NRP-mediated signaling cascade to attenuate the propagation of a stress-induced cell death signal. Here, we further examined the BiP-overexpressing lines under a slow soil-drying regime and observed that an additional mechanism to maintain the leaf turgor under drought may be invoked in the transgenic lines. Consistent with previous studies (Carvalho et al. 2014) , BiP overexpression delays leaf dehydration because exposing soybeans to a gradual water deprivation regime caused a slower decline of the leaf ww in the transgenic plants than in WT ( Supplementary Fig. S1 ). We showed here that this delay in leaf dehydration was at least partially due to the maintenance of the leaf turgor for a longer period and a better water-use efficiency in the C9 transgenic genotype because, at the same leaf ww = -1.0 MPa, the leaf RWC was significantly higher in the BiP-overexpressing line than in WT leaves (Fig. 1) . The drought signaling also influences the expression of several genes involved in the synthesis, distribution and signaling of hormones, underlying the importance in assessing hormonal changes, as they exhibit rapid responses to the environmental changes. A key role in the regulation of the response to drought is played by the hormone abscisic acid (ABA). As expected, the absolute concentration of ABA showed great variations in response to drought treatment, although the ABA increase was significantly higher in drought-stressed WT leaves than in drought-stressed C9 leaves (Fig. 2a) . Similarly, the levels of salicylic acid enhanced during the water deficit regime in both genotypes (Fig. 2b) . Studies have demonstrated considerable importance for the ability of SA to induce protective effects in plants under stress by increasing or regulating the activity of the detoxification enzyme (Azooz and Youssef 2010) . The BiP-mediated amplification of the hypersensitive programmed cell death response may be connected to SA signaling activation as the BiP line in contrast to wild type exhibited enhanced SA accumulation and enhanced expression of SA-responsive genes even under normal conditions, thus, indicating that it may serve as a priming state for SA signaling induction under stress conditions (Carvalho et al. 2014) . In contrast, the jasmonic acid levels decreased by exposition to stress in both genotypes, which could be an indirect effect of the antagonism between JA and SA (Fig. 2c) . Thus, salicylic acid appears to have considerable importance in inducing protective effects in drought-stressed plants and may be related to antioxidative metabolisms and attenuation of cellular senescence. However, the exact mechanism of salicylic acid action under drought is not yet well understood.
In general, plant cells perceive stress through receptors on the plasma membrane, the signal is then transduced and as a result secondary messengers, such as hormones, are generated. There is activation of a signaling cascade, mediated by protein kinases, which promotes the regulation of gene expression by different transcription regulators, and the induction of several defense pathways, such as antioxidant metabolism and osmosprotection, in order to confer tolerance to environmental stresses, connecting upstream sensing mechanisms and to downstream changes in gene expression, metabolism, physiology, growth, and development. (You and Chan 2015; Zhu 2016) .
Abiotic stresses result in disruption of metabolic homeostasis, resulting in reduction in plant growth and development (Shulaev et al. 2008) , including carbohydrate, amino acid, and peptide metabolism (Huang and Gao 2000; Aayudh et al. 2017) . The metabolic profiles of leaves showed a trend of sample separation from irrigated and non-irrigated genotypes. The metabolites from the irrigated genotypes were grouped together, indicating a great similarity of the metabolite profiles between the contrasting genotypes. In contrast, the samples from drought-stressed WT and C9 displayed a divergent spatial distribution, Fig. 6 Gene expression analysis by RT-qPCR. Total RNA was isolated from WT and C9 leaves and expression of indicated genes was monitored by qRT-PCR, as follows: BCAT (Branched-chainamino-acid aminotransferase); ALT (Alanine aminotransferase); P5CS (1-pyrroline-5-carboxylate synthetase); ALS (Acetolactate synthase); PAE1 (Ubiquitin-20S proteasome alpha subunit); NPF 4.7 (transporter for ABA and nitrogen compounds). Expression values were obtained using the method of 2 -(DCt) and the endogenous control which revealed that the genotypes responded differently to water deficit (Fig. 3b) . Thus, the metabolites with higher discriminatory values between treatments for both genotypes were selected to identify the metabolic pathways significantly disturbed by the imposition of water deficit (Fig. 3c) . Drought treatment induced a higher content of amino acids and their derivatives in the C9 leaves, whereas the WT genotype presented higher levels of carbohydrates under the same conditions (Figs. 3a, 4 ). Metabolic profile data showed a reduction in glucose, sucrose, fructose and maltose content in the C9 genotype as compared to WT genotype exposed to drought. It is known that increasing the glucose content in the cell generates a signal mediated by hexokinase, which promotes respiration and repression of transcription of photosynthetic genes (Reddya et al. 2004; Fernie et al. 2004) . These data corroborate with our proteomic analysis, in which the WT genotype under stress showed a higher abundance of respiration-and glycolysis-related proteins and lower abundance of photosynthetic proteins. In soybean, in addition to glucose, the major solutes accumulated under water deficit are fructose and sucrose (Meyer and Boyer 1981) . The metabolomic findings of the current study illustrate how drought may affect carbohydrate metabolism; the respiratory pathways, such as glycolysis and the tricarboxylic acid (TCA) cycle, that may help in maintainance of physiological functions in the WT genotype. Silvente et al. (2012) showed that under drought conditions, sugar levels varied significantly in soybean genotypes as well as among the types of tissues, the effect being more evident in the leaves than in nodules.
Although the sugars decrease in the genotype C9 under stress, there was a significant increase in the abundance of amino acids. The higher levels of amino acids in the C9 genotype supports the hypothesis that they may be major contributors for the cell turgor maintenance, stomatal conductance, CO2 assimilation rate, growth of tissues and cell integrity (De Ronde et al. 2000; Alia and Matysik 2001; Bartels and Sunkar 2005; Carvalho et al. 2014) . The relative increase of isoleucine and leucine (Fig. 4a ) in drought-stressed soybean leaves was similar to that observed in Arabidopsis (Nambara et al. 1998) . Similar results, specifically for amino acid metabolism, were also described by Tripathi et al. (2016) , in which changes in metaboloism were studied in hydroponically grown soybean plants under drought stress. The increase in the free amino acid level could be due to elevated synthesis of amino acids observed in plants under water deficit to adjust metabolism, being used for the synthesis of specific enzymes or proteins involved in tolerance or osmoprotectors against dehydration (Stewart and Larher 1980; Nambara et al. 1998) . Aayudh et al. (2017) demonstrated that significance of maintainance of sugar and nitrogen metabolism, along with phytochemical metabolism in soybeans under drought and heat stress conditions. However, for soybean (Less and Galili 2008) and Arabidopsis (Huang and Jander 2017) , the accumulation of amino acids is primarily the result of the abscisic acid-regulated protein degradation. We also observed that the protease activity was higher under drought conditions only for transgenic plant expressing BiP (Fig. 5) , however it did not correlate with lower levels of ABA in the C9 genotype, both in the plants irrigated and in drought conditions (Fig. 2) . The higher levels of amino acid observed for transgenic soybean leaves was also not related with the expression of the genes for biosynthesis because the transcription of the genes coding for P5CS, ALT and BCAT were not altered during drought stress in the tolerant genotype C9 (Fig. 6) . These results suggest that proteolytic pathways can be responsible for higher levels of the amino acids in transgenic plants expressing BiP, under water deficit. Otherwise, the gene coding for Ubiquitina-20S proteasome alpha subunit was up-regulated in this genotype. Thus, BiP overexpression culminated in an increase of the amino acid levels by induction of the proteolysis in the soybean leaves. ER stress and osmotic stress, together in combination cause induction of the TF GmERD15 expression to activate membrane-associated protein DCD/NRP-B expression. Induction of DCD/NRP-B activates a signaling cascade of vacuolar processing enzyme (VPE) promoter, which in turn activate plant caspase-like proteases (Silva et al. 2015) . Thus, proteasome activity could also be under control by PIB.
Despite lower levels of ABA in the transgenic plants, the expression of an ABA transporter (NPF 4.7) was upregulated in this genotype. Thus, the increase of the amino acids was not dependent on ABA levels as observed in Arabidopsis leaves (Huang and Jander 2017) . Some proteins related to amino acids metabolism were observed differentially expressed under drought conditions (Figs. 7, 8, 9) , such as an ubiquitin 20S proteasome alpha subunit that was up-regulated in the C9 transgenic genotype. In plant cells, there is a mixture of 26S and 20S proteasomes that mediate ubiquitin-dependent and ubiquitin-independent proteolysis, respectively. Increased biogenesis of 20S proteasome biogenesis has been related to increase oxidative stress tolerance as it enhances the degaradation of oxidized proteins (Kurepa et al. 2009 ). The importance of amino acid catabolism has been highlighted by studies that have analysed plant metabolism aspects showing their involvement not only during plant senescence but also in tolerance against stress in land plants. Certain amino acids such as serine, proline, and leucine act as signaling molecules while others are involved in phytohormones or other secondary metabolites biosynthesis, with signaling function (Häusler et al. 2014; Hildebrandt et al. 2015) .
Protein expression analysis by two-dimensional electrophoresis revealed differential expression patterns induced by drought, which were distinct between contrasting genotypes related to the drought tolerance. A global analysis of the protein abundancy for both genotypes indicated that some molecular and physiological processes including glycolysis, respiration and oxidative stress were more affected by reducing the water supply in the genotype WT (Fig. 7) . Most of the proteins related to photosynthesis were downregulated during stress conditions in both the soybean genotypes. However, the reduction in the abundance was more pronounced for some proteins, such as for the rubisco activase and phosphoglycerate kinase in the genotype WT than C9 under stress conditions (Figs. 7, 8 ). Drought stress reduces the carboxylation process because the limitation of the Rubisco activase prevents the reactivation of Rubisco molecules (Reddy et al. 2004; Parry et al. 2002) . Many studies report that drought stress affects significantly the activities of the Calvin cycle enzymes (Dias and Brüggemann 2010; Das et al. 2016) . Some key enzymes of Calvin cycle involved in the carboxylation had a distinct pattern of expression between the contrasting genotypes (Figs. 7, 8) . The sedoheptulose-1,7-bisphosphatase was up-regulated by water deficit only in the C9 genotype, which also showed drought-induced up-regulation of some isoforms of the fructose-bisphosphate aldolase. The accumulation of these enzymes could be related to the greater level of CO2 fixation and higher photosynthetic rate observed in the C9 genotype (Alvim et al. 2001; Valente et al. 2009 ). However, we also detected down-regulation of two isoforms of the carbonic anhydrase (CA) in the C9 genotype (Fig. 8) . CA is involved in photosynthesis and is usually repressed under drought stress in plants (Ahmad et al. 2016) , having a great effect on photosynthesis and water use efficiency. However, by confronting the contrast WTxC9 under drought (at -1.0 MPa), the relative abundance of the other CA isoform and ferrodoxin-NADP reductase was higher in the tolerant genotype C9 (Fig. 9) . We also observed a greater abundance of the ROS-related enzymes superoxide dismutase and ascorbate peroxidase in the WT genotype. These results indicate that, under dehydration conditions, the BiP-overexpressing plants are capable of maintaining cellular homeostasis, by preventing endogenous oxidative stress, which is consistent with the previous observation that the content of malonilaldehyde, a product of lipid peroxidation associated with senescence, was lower in the genotype C9 compared to WT (Carvalho et al. 2014 ). In addition, both irrigated and non-irrigated C9 leaves displayed a higher abundance of photosynthesis-related proteins as compared to WT leaves. Accordingly, during drought, BiP-overexpressing soybean leaves have been shown to maintain a higher CO2 assimilation and stomatal conductance than wild type leaves (Valente et al. 2009; Carvalho et al. 2014) .
The abundance of glycolysis-related and respiration-related enzymes was increased by water deficit conditions in WT leaves but not in C9 leaves (Figs. 7, 8) . The induction of the glycolysis-related enzymes fructose-bisphosphate aldolase and triosephosphate isomerase by drought conditions have been previously reported and may reflect the changes in carbon metabolism in response to reduced photosynthesis and increased osmotic adjustment in leaves (Umeda et al. 1994) . Thus, while the CO2 assimilation is maintained higher in C9 than in WT plants, their growth is inhibited to the same extent by drought (Alvim et al. 2001) . Studies also report the highest relative abundance of respiration-related enzymes to compensate the ATP low production rates in chloroplasts under moderate stress Ribas-Carbo et al. 2005) . Thus, our data support that BiP overexpression alters the amino acid metabolism during water stress, which constitutes an additional molecular strategy for drought tolerance in soybean. This finding corroborates with studies that compared drought sensitive and tolerant varieties of grasses (Oliver et al. 2011; Aayudh et al. 2017) .
Concluding remarks
Integrative analysis of soybean leaves revealed a dynamic alteration in the protein and metabolome profiles in response to drought stress. BiP-overexpressing plants keeps, under low conditions of irrigation, showed a higher abundance of some photosynthesis-related proteins, which supports the hypothesis that these transgenic plants are predisposed genetically and physiologically to withstand periods of drought. We also showed that under a slow soildrying regime, BiP overexpression delays leaf dehydration and maintains leaf turgor for a longer period. This osmotic adjustment was probably due to a higher content of amino acids altered by cascades modulated by BiP but not by ABA. This protective mechanism may explain the better performance of photosynthesis and other physiological activities in the BiP-overexpressing line under drought conditions.
